Spectral direct UV-Visible normal solar irradiance (DNI) measured with an EKO MS-711 spectroradiometer at the Izaña Atmospheric Observatory (IZO, Spain) has been used to determine aerosol optical depth (AOD) at several wavelengths (340, 380, 440, 500, 675 and 870 nm) between April and September 2019 that have been compared with synchronous AOD measurements from a reference Cimel-AERONET (Aerosol RObotic NETwork) sun photometer. The EKO MS-711 has been calibrated at Izaña Observatory using the Langley-Plot method during the study period. Although this instrument has been 5 designed for spectral solar DNI measurements, and therefore has a field of view (FOV) of 5 • that is twice that recommended in solar photometry for AOD determination, the AOD differences compared against the AERONET Cimel reference instrument (FOV ∼1.2 • ), are fairly small. The comparison results between AOD Cimel and EKO MS-711 present a root mean square (RMS) of 0.013 (24.6%) at 340, and 380 nm, and 0.029 (19.5%) for longer wavelengths (440, 500, 675 and 870 nm). However, under relatively high AOD, near forward aerosol scattering might be significant because of the relatively large circumsolar 10 radiation (CSR) due to the large EKO MS-711 FOV, resulting in a small but significant AOD underestimation in the UV range. The AOD differences decrease considerably when CSR corrections, estimated from LibRadtran radiative transfer model simulations, are performed, obtaining RMS of 0.006 (14.9%) at 340 and 380 nm, and 0.005 (11.1%) for longer wavelengths.
The Cimel CE318 photometer is an automatic sun-sky scanning filter radiometer that measures AOD at 340, 380, 440, 500, 100 675, 870 and 1020 nm (nominal wavelength; extended wavelength versions additionally have 1640 nm) with a full opening angle of 1.2 • . The uncertainty in AOD measurements from Cimel field instruments, was estimated to be ± 0.01 in the VIS range and near-IR, increasing to ± 0.02 in the UV range (340 and 380 nm) (Eck et al., 1999) . This estimate gives an absolute bias > 0.01 for AOD lower than 1.5 (Sinyuk et al., 2012) . In this work, we have used cloud-screened and quality-assured AERONET Version 3.0 Level 1.5 AOD data. 105 3 Methodology
Spectral Langley Calibration
The EKO MS-711 spectroradiometer was factory calibrated by EKO Instruments making use of a calibrated transfer standard 1000 W quartz tungsten-halogen coiled-coil filament lamp that is traceable to the National Institute of Standards and Technology (NIST) standard (Yoon et al., 2000) . The instrument resultant uncertainty is ± 17% for the UV range, and < 5% for the VIS 110 range. In November 2016, the EKO MS-711 participated in an intercomparison campaign of spectroradiometers at the National (Pó et al., 2018) , where it was calibrated with the Langley method (Ångström, 1970; Shaw et al., 1973; Shaw, 1983) .
In 2018 the instrument was deployed at the World Radiation Center-Physical Meteorological Observatory (WRC-PMOD) for its characterization using a tunable laser (Sengupta et al., 2019) . Recently, between April and September 2019, the EKO 115 MS-711 has been calibrated at Izaña Observatory using the Langley method in the 300-1100 nm spectral range. In this study we have used the calibration coefficients with the Langley-Plot method.
The Langley method used in the IZO Langley calibration is based on the Beer-Lambert-Bouguer law:
where DN I(λ) is the direct normal irradiance at wavelength (λ) measured by the instrument, DN I o (λ) is the top-of-120 atmosphere irradiance corrected for the Sun-Earth distance at wavelength (λ), m is air mass, and τ (λ) is the optical depth tat can be written in the UV-VIS range as:
where τ R (λ) is the Rayleigh optical depth due to the molecular scattering that depends on the station pressure as well as on the optical air mass (m R ) (Bodhaine et al., 1999) , τ a (λ) is the AOD, and the rest of the terms are the absorption by atmospheric 125 gases in the affected wavelengths (Gueymard, 2001) and are defined as follows:
where u N O 2 is the reduced path-length (in atm-cm) taken from the OMI total column NO 2 monthly average climatology and A N O 2 its spectral absorption coefficient (Rothman et al., 2013) .
where u H 2O is the column water vapour content (precipitable water) taken from a Global Navigation Satellite System (GNSS)
receiver considering satellite precise orbits at IZO (Romero Campos et al., 2009) , A H 2 O the spectral absorption coefficient Rothman et al. (2013) , and the b exponent depends on the central wavelength position, instrument filter function, as well as the atmosphere pressure and temperature (Halthore et al., 1997) . We have determined τ H 2O (λ) from the transmittance for different water vapour and solar zenith angle (SZA) values from the MODTRAN model (Raptis et al., 2018) .
where u O 2 is the altitude-dependent gaseous scaled path-length taken from the Fourier transform infrared spectrometer (FTIR) measurements at IZO (Schneider et al., 2005) , A O 2 is the spectral absorption coefficient (Rothman et al., 2013) , and the b exponent was obtained from the transmittance values simulated with the MODTRAN model (Berk et al., 2000) for IZO, obtaining a value of 0.454. This value is similar to that obtained by Tsai (1986, 1987) .
where u O 3 is the total column ozone obtained with a reference Brewer spectrophotometer at IZO , and
A O 3 the ozone absorption cross section (Brion et al., 1993 (Brion et al., , 1998 .
The Langley-Plot determines DN I o (λ) (that allows to derive calibration constant) from a linear extrapolation of DN I(λ) measurements to zero air mass, corrected to mean Sun-Earth distance, and plotted on a logarithmic scale versus air mass: 
AOD retrieval method
The AOD retrievals have been calculated from Eq. 7, as follows:
If we group the gases contributions such as τ g as , the AOD expression is reduced to:
In this work, we have calculated the EKO AOD at the same nominal wavelengths as those of the Cimel (340, 380, 440, 500, 675 and 870 nm) following the methodology used by AERONET (Holben et al. (2001); Giles et al. (2019) , and references herein). For this, we have taken into account the spectral corrections shown in Table 2 . The 340, 380, 440 and 500 nm wavelengths are corrected from nitrogen dioxide (NO 2 ) absorption, and the optical depth is calculated using the total column NO 2
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OMI monthly average climatology, and the NO 2 absorption coefficient from Burrows et al. (1999) .
Corrections in AOD under relatively high CSR
The full opening angle and the FOV are normally used indistinctly in the literature, which should not be confused with the viewing angle. Therefore, we use the term FOV for referring to the full opening angle. As we remarked in the introduction, the WMO recommended for AOD retrieval the use of instruments with FOV lower than 2.5 • and slope angle of 1 • (WMO, 2008).
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As the EKO MS-711 was designed for DNI measurements, it has a larger FOV of 5 • , twice the WMO recommended value for AOD retrievals. To account for the different geometries, we have applied a correction to the EKO irradiance measurements. In this section we explain the methodology applied to the measurements and comparisons with Cimel AOD.
The DNI measurement implies that a certain amount of diffuse radiation coming from the line-of-sight of the instrument towards the Sun, and an annular region around it, the so-called circumsolar region, is measured together with the DNI com- where DNI S U N is the direct normal irradiance coming from the Sun disk and CSR is the diffuse radiation coming from the sky that is seen by the instrument FOV. This FOV is defined by the instrument geometry and determines the amount of CSR reaching the instrument detector. The value of the DNI measured by the instrument also depends on the atmospheric conditions, and the specific instrument characteristics. The most important element that defines the amount of CSR captured by the instrument is the penumbra function P (Pastiels, 1959) that defines the fraction of Sun radiation captured or not by the collimator, depending 175 on its angle of vision. This penumbra function can be derived from geometrical features of the instrument (Major, 1980; Blanc et al., 2014) : the aperture half-angle α, the slope angle α s and the limit angle α l (Fig. 2a ). Usually the three angles are known, being the most important the aperture half-angle α. Thus, the radiation coming from the sky with an angle higher than the α l is outside the collimator and then not measured by the instrument.
If all angles are known the function P takes the shape of Figure 2b , but if α s and α l are unknown, the penumbra function P 180 can be approximated as the shape on Figure 2c . In this work, we used the penumbra function P described in Figure 2c , because α s and α l are unknown, and considering that α = FOV/2 = 2.5 • . 
CSR simulation
Since it is not possible to obtain accurate CSR measurements, it has been simulated with the LibRadtran radiative transfer model (Mayer and Kylling (2005) ; Emde et al. (2016), more information http://www.libradtran.org; last access: 7 November 185 2019), which provides the possibility to simulate the diffuse radiance on sky elements defined by its azimuthal and polar angles.
We shortly describe the method followed to simulate the amount of CSR measured by the EKO MS-711. The first step is to describe the geometry of the problem, shown in Figure 3 .
For a sky point defined by the polar angle θ and azimutal angle ϕ, the sky radiance on that point is L (θ,ϕ) in W m −2 sr −1 .
The angular distance between the considered point and the Sun position (the green arc in Figure 3 ), is the so-called scattering 
Taking into account this relation, the radiation field L can be expressed in terms of ξ and ϕ, thus the irradiance in the solid angle subtended by an angular distance from the Sun's centre ξ, for an instrument with an aperture half-angle α, is (Blanc et al.,
:
where P (ξ, ϕ) is the penumbra function defined in Sect. 3.3. If the Sun is in the angular field considered, the obtained irradiance is the DNI of Eq. 10, if not, the result will be only the diffuse radiation. Thus, the key is to simulate the radiances L(ξ, ϕ) of the points in the FOV that the instrument is "seeing". In this work, and taking into account that the instrument is 200 continuously pointing to the Sun, the integration is performed for ξ values from α o = 0.6 • to α = 2.5 • with the aim to simulate the diffuse radiation coming from a circumsolar ring, in order to compare AOD from both instruments using the same CSR.
The input parameters used in the simulations are shown in Table 3 . The aerosol contribution has been included in the simulations by using the Optical Properties of Aerosols and Clouds (OPAC package) (Hess et al., 1998) . This library provides the aerosol (and clouds) optical properties in the range 250 nm to 4000 nm. In our case, we focused the interest in the aerosol 205 mixtures, due to the fact the aerosols in the atmosphere are found as a mixture of different particles. In the LibRadtran package are included the aerosol mixtures described in Hess et al. (1998) . The aerosol optical properties stored in the datasets used are: the extinction coefficient, scattering coefficient, absorption coefficient, volume phase function, single scattering albedo and asymmetry parameter. Due to the location of the IZO station we have selected the desert mixtures for the cases of low and high aerosol load respectively.
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At this point we should note that the use of 1D simulations with the DISORT (Stamnes et al., 1988) solver implies that the Sun is supposed to be a Dirac function, while, the Sun has an angular radius of 960.12 ± 0.09" (Emilio et al., 2012). However, Stamnes et al. (1988) demonstrated that the error in DN I S U N simulations, when the Sun is assumed to be a point source, is negligible with respect to the finite Sun assumption (Stamnes et al., 2000; Reinhardt, 2013) showed that the simulations of radiances in the vicinity of the Sun performed using the DISORT and OPAC aerosols for cloud-free cases give the same 215 result than simulations made with the Monte-Carlo RTE solver MYSTIC included in LibRadtran (Mayer, 2009 ) taking into account the angular extent of solar disk. The differences remain under 1% and even very close to 0%. Since we want to simulate cloud-free cases, we can use the 1D, DISORT without introducing significant errors in the simulations against the more precise Monte-Carlo simulations.
Once we have selected the input parameters, we must also select the correct angular grid in azimuthal and polar coordinates 220 to cover, at least, the angular region previously defined (0.6 • ≤ α ≤ 2.5 • ). By using Eq. 11 we can calculate the ranges of polar angles and azimuthal angles ϕ needed. The result of a monochromatic simulation, i.e. L(ξ, ϕ) at 495 nm for the day 26/07/2019 at SZA of ∼ 14 • is shown in Figure 4a . In Figure 4b the penumbra function, i.e. P (ξ, ϕ) is shown, and in Figure 4c , the result of multiply P (ξ, ϕ) L(ξ, ϕ). Note that the angular grid has been selected in steps of 0.1 • .
The expected CSR will be obtained by integrating the radiation field P (ξ, ϕ) L(ξ, ϕ) as indicated in Eq 12. The integration 225 is done by using the angres tool (Mayer and Kylling, 2005) provided in the LibRadtran package which uses a Monte Carlo integration in 2D to obtain the diffuse radiation in the considered radiation field.
AOD retrievals with CSR corrections
Once the CSR has been determined, we apply the correction to the measured DNI taking into account the CSR simulations explained before. Thus, from Eq. 10 the corrected DNI is:
This correction will lead to a DN I C O RR < DN I, with which we can retrieve an AOD with a similar expression to Eq. 9:
We must note on Eq. obtained from Eq. 14 with a DN I oC O RR calculated from Eq. 13 is supposed to be "free" of any CSR contribution, then it is straight forward to assume that the AOD C O RR is closer to the real AOD present in the atmosphere. In order to know the 
Results

Langley calibration at Izaña Observatory
Based on the experience of Kiedron and Michalsky (2016) 
AOD retrievals
In this section, we present the results obtained when comparing Cimel AOD and EKO AOD with no CSR corrections (CSR uncorrected AOD) and applying a CSR correction (CSR corrected AOD). The comparisons were done considering measurements in the 340 nm UV channel, attributed to the higher instrument uncertainty, as well as a poorer model aerosol characterization this range (see Sect. 2.2). Since the 340 nm and 380 nm channels have 2 nm and 4 nm bandpass, respectively, and the EKO MS-711 FWHM is ∼ 7nm (Table 1) , these two UV channels have some additional radiation contribution from the adjacent wavelengths, increasing their uncertainty and causing an AOD overestimation. Despite these drawbacks, the improvement in AOD is significant performing a simple correction of the CSR estimated with LibRadtran.
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The linear AOD-correction equations were determined by using data measured from April 1 st to July 31 th 2019 at Izaña Observatory ( Table 5 ). The validation of these linear AOD-correction equations was performed using an independent period of data (between August 1st and September 30 th 2019). Note that MB ≥-1.6% for all wavelengths except for 340 nm for which a significantly larger MB (-4.0%) is registered. In any case it should be noted that the CSR correction applied in this study has been made under the presence of mineral dust. It would be necessary to verify that these CRS corrections have similar validity 300 under moderate-high influence of other types of aerosols, such as marine or biomass burning aerosols.
In order to check the quality of EKO AOD, we have applied the WMO traceability criteria (WMO, 2005) defined for finite FOV instruments as:
U 95 = ±(0.005 + 0.010m a )
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